The mitochondrial Hsp60-Hsp10 complex assists the folding of various proteins impelled by ATP hydrolysis, similar to the bacterial chaperonins GroEL and GroES. The near-atomic structural details of the mitochondrial chaperonins are not known, despite the fact that almost two decades have passed since the structures of the bacterial chaperonins became available. Here, the crystallization procedure, diffraction experiments and structure determination by molecular replacement of the mammalian mitochondrial chaperonin HSP60 (E321K mutant) and its co-chaperonin Hsp10 are reported.
Introduction
Mammalian cells contain two types of 60 kDa chaperonin proteins, one residing in the cytosol and the other within the mitochondrial matrix. The latter protein belongs to the type I chaperonin family that is also found in eubacteria and chloroplasts. The proteins of this family play a vital role in mediating the folding of newly translated, imported or stress-denatured proteins in an ATP-dependent manner (Cheng et al., 1989; Levy-Rimler et al., 2002; Bross et al., 2012) .
Owing to the ready availability and the marked stability of the bacterial chaperonin system, most of our understanding of chaperonin structure and function comes from investigation of the GroE chaperonin proteins (GroEL and GroES) from Escherichia coli. The crystal structure of GroEL was solved almost two decades ago, revealing a molecule comprised of 14 60 kDa subunits that are organized in two heptameric rings stacked back to back (PDB entries 1grl and 1aon; Braig et al., 1994; Xu et al., 1997) . The internal hollow parts of the rings create a central cavity also known as the 'Anfinsen cage' (Ellis, 2003) . Elucidation of the co-chaperonin structure of GroES in the bacterial GroEL-GroES complex showed that it forms a dome-shaped ring consisting of seven identical 10 kDa subunits (Hunt et al., 1996) . It serves as a 'cap' for the Anfinsen cage, allowing the formation of an isolated niche in which the substrate can fold in an ATP-dependent manner (Xu et al., 1997) .
The mitochondrial chaperonins Hsp60 and Hsp10 (mHsp60 and mHsp10) play crucial roles in the folding of newly imported matrix proteins (Ostermann et al., 1989; Cheng et al., 1989) . Numerous previous studies have revealed that there are some significant differences between the bacterial and the mitochondrial chaperonins with respect to their oligomeric state, the effect of nucleotides on their interaction with co-chaperonins and their ability to function with co-chaperonins from different sources (Parnas et al., 2012; Nielsen & Cowan, 1998; Nielsen et al., 1999; Viitanen et al., 1992) . Moreover, it has been shown (Cappello et al., 2008; Deocaris et al., 2006; Samali et al., 1999; Gupta & Knowlton, 2005; Osterloh et al., 2004; Czarnecka et al., 2006 ) that mHsp60 also plays key roles outside mitochondria. Altogether, these findings suggest that the mechanism of action of the mammalian mitochondrial chaperonins is distinct from those of the bacterial system. The structural basis underlying the extracellular functions of mHsp60 is still unknown and no highresolution information is yet available for mHsp60 or its interacting co-chaperonin mHsp10.
To gain insight into the unique properties of mHsp60, we set out to crystallize this protein in complex with its co-chaperonin. Because of the labile nature of mHsp60 and of its complex with mHsp10, we used the previously described mutant mHsp60 E321K (Parnas et al., 2012 Table 1 Cloning details of the constructs used in this study (Dickson et al., 1994) . 
Crystals of the mHsp60 E321K -mHsp10 complex obtained from initial screening (a) and after optimization of the crystallization conditions (b). The diffraction pattern (c) extended to 3.5 Å resolution (at the frame edge) after dehydration. Magnification of the diffraction region shows excellent spot separation. Data were collected on beamline ID23-1 at the ESRF. tallization and structure determination by the molecular-replacement method of the mammalian mitochondrial chaperonin complex HSP60-HSP10 at a resolution of 3.34 Å . This structure shows the double-ring football-like assembly of the mHsp60-mHsp10 complex.
Materials and methods
2.1. Protein preparation 2.1.1. mHsp60 E321K . A DNA fragment encoding mHsp60, corresponding to residues 27-556 of the full-length mHsp60 (GenBank accession No. P10809), was amplified by PCR using the oligonucleotide primers listed in Table 1 . The PCR product was inserted into modified pET-21d (Iosefson et al., 2007) via BamHI and NotI (the restriction sites in the primer sequences are shown in bold) to generate the expression plasmid. Site-directed mutagenesis (E321K mutation) was performed as described by Parnas et al. (2012) . mHsp60 E321K was expressed and purified as described by Parnas et al. (2009) .
The purified protein solution consisted of $30 mg ml À1 protein, 50 mM Tris-HCl pH 7.7, 300 mM NaCl, 5% glycerol and 10 mM MgCl 2 .
2.1.2. mHsp10. mHsp10 was cloned and purified as described by Dickson et al. (1994) and Parnas et al. (2009) (Table 1 ). The purified protein solution consisted of $30 mg ml À1 protein, 50 mM Tris-HCl pH 7.7 and 100 mM NaCl.
Crystallization
mHsp60 and mHsp10 were mixed together with 1 mM ATP and incubated for 5 min at 293 K immediately before setting up crystallization drops. Preliminary screening of crystallization conditions was performed using the hanging-drop vapour-diffusion method with the PEGRx 1, PEGRx 2, Index, Natrix, PEG/Ion (Hampton Research) and The JCSG+ Suite (Qiagen) crystallization kits at the Israel Structural Proteomics Center, Weizmann Institute of Science, Rehovot, Israel using a Mosquito crystallization robot (TTP LabTech, Royston, England) at 293 K. Crystals of the mHsp60-mHsp10 complex were observed after 1 d (Fig. 1a) . Crystallization conditions were optimized in standard 24-well Linbro plates (Hampton Research) (Fig. 1b, Table 2 ). These crystals yielded diffraction to 7-8 Å resolution. The diffraction quality was significantly improved by dehydration with PEG 400 (Fig. 1c) . In this process, after crystal growth, the cover slips were transferred to reservoirs containing serially increasing PEG 400 concentrations in the mother liquor. The concentration of PEG 400 was increased by 15% in three consecutive steps of 5% with $24 h incubation time for each step (35, 40 and 45%). All dehydration procedures were carried out at a temperature of 293 K.
Data collection and processing
The dehydrated crystals were harvested from hanging drops using cryo-loops, oriented along the longest axis, plunged into liquid nitrogen and placed in pucks for transportation to the synchrotron at cryogenic temperature. Crystals were mounted in the diffraction position utilizing the standard sample changer at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Diffraction data were collected, integrated and scaled using DENZO and SCALEPACK as implemented in HKL-2000 (Otwinowski & Minor, 1997) . Diffraction data statistics are shown in Table 3 .
Crystal structure determination
By implementing the molecular-replacement method, the structure of the complex was successfully determined using as a model the GroEL seven-member upper extended ring (cis ring) together with Table 2 Crystallization conditions of the crystals reported in this study.
Method
Hanging drop Plate type Linbro Temperature (K) 303 for 3 d then 293 Protein concentration mHsp60, 9.5 mg ml À1 ; mHsp10, 1.6 mg ml
À1
Buffer composition of protein solution 50 mM Tris-HCl pH 7.7, 300 mM NaCl, 5% glycerol, 15 mM MgCl 2 , 0.5 mM KCl, 1 mM ATP Composition of reservoir solution 0.2 M ammonium acetate, 0.1 M sodium citrate tribasic dehydrate, 30-35%(v/v) PEG 400 Volume and ratio of drop 5 ml (1:1) Volume of reservoir (ml) 500 Table 3 Data collection and processing.
Values in parentheses are for the highest resolution shell. ) 81.1 § † The resolution cutoff decision was made using the approach of Karplus & Diederichs (2012) . hI/(I)i falls below 2.0 at 3.46 Å resolution. The data were collected before the paper describing the CC 1/2 approach was published. ‡ Calculated by multiplying the conventional R merge value by the factor [N/(N À 1)] 1/2 , where N is the multiplicity. § The Wilson plot does not show anomalies.
Figure 2
Wall-eyed stereoview of the C trace of the structure of the mHsp60 E321K -mHsp10 complex.
its bound GroES seven-membered lid (with 48.6% identity to the sequence of the mammalian mitochondrial chaperonin and 32.7% identity to that of the co-chaperonin) derived from PDB entry 1aon (Xu et al., 1997) . The molecular-replacement program MOLREP (v.11.1.03; Vagin & Teplyakov, 2010) was used as implemented in the CCP4 suite (v.6.3.0; Winn et al., 2011) . Solute molecules and ATP/ ADP cofactors were deleted from the model coordinate file. The model coordinates were not trimmed to the unequivocal structure. The molecular-replacement solution (score 0.233, translation-function peak/noise 17.92 and contrast 12.38) revealed that 14 mHsp60 and 14 mHsp10 molecules were arranged in an elliptical 'football'-like assembly.
Refinement of the structure started at R model = 0.5169 and R free = 0.5164 and reached R model = 0.3595 and R free = 0.4176 after 100 cycles of refinement using REFMAC (v.5.7.32; Murshudov et al., 2011) with activated jelly-body option, the use of secondary-structure restraints as generated by ProSMART (v.0.816; Nicholls et al., 2012) and the application of NCS torsion-angle restraints, unequivocally supporting the correctness of the molecular-replacement solution. The GroELGroES sequence was still preserved after the initial refinement. Fig. 2 presents the C trace of the determined structure in cross-eyed stereo. Refinement and rebuilding of the structure are currently under way in our laboratory.
Conclusion
We report the first X-ray structural determination of the mammalian mitochondrial Hsp60-Hsp10 complex. The structure revealed a symmetrical 'football'-shaped complex of the chaperonin in complex with the co-chaperonin. The formation of symmetrical complexes was demonstrated for the first time for GroEL-GroES complexes from E. coli using a variety of low-resolution methods (Azem et al., 1994; Schmidt et al., 1994; Todd et al., 1994; Harris et al., 1994; Llorca et al., 1994) . To the best of our knowledge, however, no high-resolution X-ray structure has been published to date for a symmetrical complex of chaperonins.
